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Within the pure Coulomb breakup mechanism, we investigate the one- 
neutron removal reaction of the type A(a,b7)X with ^^Be and ^^C projectiles 
on a heavy target nucleus ^'^^Pb at the beam energy of 60 MeV/nucleon. Our 
intention is to examine the prospective of using these reactions to study the 
structure of neutron rich nuclei. Integrated partial cross sections and momen- 
tum distributions for the ground as well as excited bound states of core nuclei 
are calculated within the finite range distorted wave Born approximation as 
well as within the adiabatic model of the Coulomb breakup. Our results are 
compared with those obtained in the studies of the reactions on a light target 
where the breakup proceeds via the pure nuclear mechanism. We find that 
the transitions to excited states of the core are quite weak in the Coulomb 
dominated process as compared to the pure nuclear breakup. 
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I. INTRODUCTION 



The single-nucleon transfer reactions, induced by light as well as heavy ions, have been 
established as a useful tool in probing the single-particle components of the wave functions of 
stable nuclei (see e.g. The theory of these reactions developed within the framework 

of the distorted wave Born approximation (DWBA) 0] has been widely used to analyze 
the absolute magnitudes and shapes of measured cross sections and to deduce the struc- 
ture information including angular momentum assignments, occupation probabilities and 
spectroscopic factors of the ground as well as excited states of the residual nuclei. 

Nonetheless, transfer reactions are not yet routinely used in probing the structure of ex- 
otic nuclei near the neutron and proton drip lines, even though the first theoretical feasibility 
study 1^ for such investigations with transfer reactions and the first experimental results 
for the ^^Be(p,d)^''Be reaction have been already reported. With the currently available 
experimental techniques, the measurements of these reactions involving drip line nuclei are 
performed in the inverse kinematics with low intensity projectile beams. This puts severe 
experimental restrictions as the corresponding cross sections are usually low. Furthermore, 
the theoretical analysis of these data in terms of the DWBA gets complicated as the usual 
well-depth search method to calculate the wave function of the transfered particle becomes 
unreliable and the methods such as Skyrme Hartree-Fock theory need to be invoked 
for a proper description of these wave functions. 

Recently, an alternative new and more versatile technique for investigating the spec- 
troscopy of nuclei near the drip line has been developed In this method, referred to 
as the (a,b7) reaction in the following, one nucleon (usually the valence or halo) is removed 
from the projectile (a) in its breakup reaction within the field of a target nucleus. The states 
of the core fragment (b) populated in this reaction are identified by their gamma (7) decay. 
The 7-ray intensities are used to determine the partial breakup cross sections to different 
core states. The signatures of the orbital angular momentum £ associated with the relative 
motion of core states with respect to the valence nucleon (removed from the projectile) are 
provided by the measured parallel momentum distributions . 

This method improves the experimental conditions for working with projectiles of low 
beam intensities because of: (i) large partial cross sections for transitions to various bound 
states of the core fragment, even in experiments done with high-energy projectiles, (ii) 
possibility of using thick targets, and (iii) strong forward focusing. These features may be 
contrasted with those of the corresponding transfer reactions. In addition, while, in the 
case of transfer reactions, the angular distributions of the ejectile lose their characteristic 



^-dependence at high energies IJSf, the longitudinal momentum distributions of the core 
states in the breakup reactions continue to show a strong dependence on i. 

Most of the studies of the (a,b7) reaction performed so far involve a light ^Be target, 
where the breakup process is governed almost entirely by only the nuclear interaction be- 
tween the projectile fragments and the target. Since, this reaction is essentially inclusive in 
nature (as the measurements are performed only for the heavy core fragment), the nuclear 
partial cross sections have contributions from both elastic (also known as diffraction disso- 
ciation) and inelastic (also known as stripping or breakup-fusion) breakup modes |jl^,|l5|. 
Several attempts have been made to calculate the elastic and inelastic nuclear breakup cross 
sections of halo nuclei and they were either based on the semiclassical methods ||l6l or on the 
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eikonal approximation |lT7|-pO[]. The fragment-target interactions are dealt with differently 



in these two approaches which could be important for the light targets |2T|]. Data of Refs. 



p|^Tl| have been analyzed in terms of an eikonal model with core-target and neutron- 



target interactions treated in the black disc approximation and in the optical limit of the 
Glauber theory, respectively. In order to extract unambiguous spectroscopic informations 
from the (a,b7) type of measurements performed on a light target, it is quite desirable to 
develop the calculations of nuclear breakup reactions within the DWBA theory as has been 
done for the breakup of stable projectiles p3| , p4| . 

However, currently a full quantum mechanical theory of the pure Coulomb breakup reac- 
tion, formulated within the framework of the post-form distorted-wave Born-approximation, 
is well established and has been apphed successfully to investigate the breakup of halo nuclei 



25| . Finite range effects are accounted for in this theory which can be applied to projectiles 
of any ground-state orbital angular-momentum structure. Moreover, an alternative theory 
of the Coulomb breakup reactions within the framework of an adiabatic model has also been 



formulated [^. The expressions for the breakup amplitude within this theory are very 



similar to those of the finite-range DWBA theory, although the two have been derived under 
quite different assumptions. In the adiabatic model, it is assumed that the excited states of 
the projectile are degenerate with the ground state. In the studies of the breakup reactions 
done so far (where the core fragments were assumed to remain in their ground states), the 
two theories produced almost identical results |^. However, with the excitation of the core, 
the one-neutron separation energies increase significantly. It would, therefore, be interesting 
to see if the two models lead to different results in these cases. 

There are no adjustable parameter in either of the theories of pure Coulomb breakup 
reaction. Assuming that the processes, in which the mutual excitation of the target nucleus 
takes place due to the Coulomb interaction, contribute negligibly, the inelastic breakup mode 
is absent in the pure Coulomb breakup reactions. This is an added advantage as there is 
some ambiguity regarding the calculation of this mode which dominates the partial cross 
sections for the excited core states in the nuclear breakup process p^ . 

In this paper, we present calculations of the pure Coulomb breakup contributions to 
the partial cross sections and longitudinal momentum distributions of the ground as well 
as excited states of the core fragments, ^°Be and ^^C, in the (a,b7) type of reaction in- 
duced by ^^Be and ^^C projectiles, respectively on a ^osp]^ target at the beam energy of 
60 MeV/nucleon. We assume that the states of the core fragments are the same as those 
seen in the similar reactions studied on the ^Be target. Our aim is to determine if there are 
quantitative differences in the relative populations of the core states in the pure Coulomb 
breakup mechanism, as compared to those observed in the pure nuclear breakup process. 
We shall also look whether there are differences in the predictions of the finite range DWBA 
and adiabatic models of the breakup reactions leading to the core excited states. 

We want to make it clear from the very beginning that it is not our intention to imply 
that the nuclear breakup contributions are negligible for the reactions investigated by us. 
Our results should be viewed as complementing contributions from the nuclear breakup 
process; in any complete theory both contributions must be considered on an equal footing. 

In the next section we briefly present the formalism of the Coulomb breakup reactions. 
The results of our calculations and discussions are presented in section HI. A summary and 
the conclusions of our work are given in section IV. 
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II. FORMALISM 



We consider the reaction a + t — > b+c+t, where the projectile a breaks up into fragments 
b (charged) and c (uncharged) in the Coulomb field of a target t. The chosen coordinate 
system is shown in Fig. 1. 




FIG. 1. The three-body coordinate system. The charged core, valence neutron and target are 
denoted by b, c and t, respectively. 



The position vectors satisfy the following relations: 



r — Ti — ari, a - 
Tc = T^i + Sri, S 



rric + rrib 
rub + rrit 



, 7 = (1 - q;5) . 



(1) 
(2) 



The starting point of both the finite-range distortcd-wave Born approximation (FRD- 
WBA) and of the adiabatic model of the Coulomb breakup is the post-form T-matrix of the 
reaction given by 



T = y rfC(irirfr,xi"^*(k,,r)<|.^(6)x^^*(ke,re)$:(ec)Hc(ri)^i+)(Ca,ri,r,). 



(3) 



The functions x the distorted waves for the relative motions of b and c with respect 
to t and the center of mass (cm.) of the b + t system, respectively. The functions $ 
are the internal state wave functions of the concerned particles dependent on the internal 
coordinates ^. The function '^'^\^a-, ^i, ^i) is the exact three-body scattering wave function 
of the projectile with a wave vector ka satisfying outgoing boundary conditions. The vectors 
k{, and kc are the Jacobi wave vectors of b and c, respectively, in the final channel of the 
reaction. The function Vf,c(i"i) represents the interaction between b and c. As we concentrate 
only on the pure Coulomb breakup, the function xi~^ (k^, r) is taken as the Coulomb distorted 
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wave (for a point Coulomb interaction between the charged core b and the target) satisfying 
incoming wave boundary conditions, and the function \'kc,rc) is just a plane wave as 
there is no Coulomb interaction between the target and the neutral fragment c. 
In the distorted wave Born approximation (DWBA), we write 

vl>W(ea,ri,r,) = $,(ea,ri)xi+Hka,r.), (4) 

The assumption inherent in Eq. (4) is that the breakup channels are very weakly coupled 
and hence this coupling needs to be treated only in the first order. In this equation the 
dependence of on ri describes the relative motion of the fragments b and c in the ground 
state of the projectile. The function xi^'*(ka,ri) is the Coulomb distorted scattering wave 
describing the relative motion of the cm. of the projectile with respect to the target, satis- 
fying outgoing wave boundary conditions. It may be noted that the particular case of the 
pure Coulomb breakup of a projectile involving one uncharged fragment, where the choice 
of the coordinate r may appear more natural to describe the relative motion between the 
projectile and the target, follows from this expression as discussed below. 
The integration over the internal coordinates ^ in the T-matrix gives 

J dCmCbWciQ^aiCa,ri) = J2{^rnjclXc\jtJ^){jb^b3f^\jal^a)t'Mr,), (5) 

with 

^a{ri) = Ui{n)YeUh)- (6) 

In Eq. (6), i (the orbital angular momentum for the relative motion between fragments b 
and c) is coupled to the spin of c and the resultant channel spin j is coupled to the spin jb 
of the core b to yield the spin of a (ja)- The T-matrix can now be be written as 

r = {imjcHc\jlJ'){jblJ'bjfi\jalJ'a)i^^Pim0^b, K] K) , (7) 

imj/j, 

where 

ipU^b, K; K) = J dT,dT,xV*{k,, T)e-'''-''^VUri)u,{n)YeUri)xi^\K, r.). (8) 

with Pirn being the reduced T-matrix and with i = \/2£ + 1. 

Equation (8) involves a six dimensional integral which makes the computation of 
quite complicated. The problem gets further acute because the integrand has a product 
of three scattering waves that exhibit an oscillatory behavior asymptotically. Therefore, 
approximate methods have been used, such as the zero range approximation (ZRA) (see 
e.g. ll|Jl,|]), in which the product Vf,c(ri)$a(i'i) is replaced by a delta function, or the Baur- 
Trautmann approximation ||2^, where the projectile cm. coordinate is replaced by that of 
the core-target system (i.e. rj ^ r). Both these approximations lead to a factorization 
of the reduced amphtude into two independent parts, which reduces the computational 
complexity. However, the application of both these methods to the reactions of halo nuclei 
is questionable ||25|. The ZRA necessarily restricts the relative motion between b and c in 
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the projectile to s-state only. Even for such cases, this approximation may not be valid 

28||). The Baur-Trautmann 



for heavier projectiles and at higher beam energies (see e.g. 
approximation is justified if the cm. of the b+c system is shifted towards b (which is indeed 
the case if nib ^ ^c)- However, since rj occurs in association with the wave vector ka, 
whose magnitude is quite appreciable at the higher beam energies, the neglected piece of 
(i.e. a ri) may still contribute substantially. 

In the FRDWBA theory, the Coulomb distorted wave of particle b in the final channel 



is written as ||25| 



xl-\kb 



-iaK.ri (-) 

^ A6 



(kfe 



(9) 



Equation (9) represents an exact Taylor series expansion about if K = —iVn is treated 



exactly. However, instead of doing this we employ a local momentum approximation p8|,|29 
where the magnitude of momentum K is taken to be 



K{R) 



2m 



{E-Vm- 



(10) 



Here m is the reduced mass of the b — t system, E is the energy of particle b relative to 
the target in the cm. system and V{R) is the Coulomb potential between b and the target 
separated by R. Thus, the magnitude of the momentum of K is evaluated at some separation 
R which is held fixed for all the values of r. The value of R was taken to be equal to 10 
fm. For reactions under investigation in this paper, the magnitude of K remains constant 
for distances larger than 10 fm p5|. Due to the peripheral nature of the breakup reaction, 
the region i? > 10 fm contributes maximum to the cross section. In fact, the calculated 
cross sections change by only about 5% if R is varied between 5 to 10 fm and with a further 
increase in R the change is less than 1%. Furthermore, the results of the calculations for 
these reactions, at the beam energies under investigation, are almost independent of the 
choice of the direction of momentum K p5|. Therefore, we have taken the directions of K 



and kb to be the same in all the calculations presented in this paper. It may be remarked 
here that in Ref. 0] an approximation similar to Eq. (9) was applied to the Coulomb 
distorted wave of the incident channel. That procedure brings in two difficulties. Firstly, 
the choice of the direction of the local momentum is somewhat complicated as directions of 
the both fragments in the final channel will have to be brought into consideration. Secondly, 
the procedure may produce a deviation from the exact DWBA approximation. 

On substituting Eq. (9) into Eq. (8), we obtain the following factorized form of the 
reduced amplitude 



nnFRDWBA 



j drie-^(^'^-"^)-'-^Hc(ri)«,(ri)y,„ 
j dra^^*(k,,r,)e-^^'^-^>x^Hk„r, 



(11) 



This amplitude differs from those in earlier studies since it includes the interaction Vbc 
to all orders. 

Recently, an alternative theory of the Coulomb breakup has been developed within the 
adiabatic (AD) model |]26| , |3l|| . This theory assumes (i) that one of the fragments (the 
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valence nucleon) is neutral so that the projectile interacts with the target only through 
the Coulomb interaction Vbt of the core fragment and the target nucleus, and (ii) that the 
relative excitation energy Ejjc of the b-c system is much smaller than the total incident 
energy so that Ehc can be replaced by the constant separation energy of the fragments in 
the projectile ground state. Following (ii) the continuum spectrum of the b — c system is 
assumed to be degenerate with the ground state. Under the above assumptions, the wave 
function \E'i^^(^a, ri, r^) is found E^ in the form 



*i+)^^(ea,ri,r,) = <|.,(ea,rOe^"^-^^xi+^(ka,r) 



(12) 



It is clear that substitution of Eq. (12) to Eq. (3) will lead to a factored form (similar to 
Eq. (11)) of the reduced breakup amplitude. However, one limitation of this procedure 



should be brought into attention. For larger values of ri, the wave function v]/^"^)^^ vanishes 
due to the presence of the factor $a(ri), whereas there may still be contributions to the 



breakup from this region. It has been argued |^ that, due the presence of the interaction 
Vbc{ri), the post form breakup amplitude may not be sensitive to the domain where vl>^+)^^ 
is inaccurate. However, since the wave functions for the relative motion of the fragments for 
i > values have a large spatial extension, the application of this model to such cases may 
test the need for the non-adiabatic corrections to the theory. 
The reduced amplitude in the adiabatic model is given by. 



AD 



j (irie-^(^-"'^")-'-iHc(ri)M,(ri)y, 



j ^ir,x^)*(k,,rOe-^^-'-^xi+nka,ri) 



(13) 



It is obvious that this amplitude differs from that of the FRDWBA, Eq. (11), only in the 
form factor part (the first of the factors), which is evaluated here at the momentum transfer 
of (kc — aka). Equation (13) can also be obtained in the DWBA model by making a local 
momentum approximation to the Coulomb distorted wave in the initial channel of a reaction 
and by evaluating the local momentum at = oo with the momentum direction being the 
same as that of the projectile. In both of the theories, the Coulomb interaction between the 
fragments h and the target is treated non-perturbatively. The adiabatic model does not make 
the weak coupling approximation of the DWBA. However, it necessarily requires one of the 
fragments (in this case c) to be neutral. In contrast, the FRDWBA model can, in principle, 
be applied to the cases where both of the fragments h and c are charged [^. Furthermore, 
calculation of the nuclear breakup in the adiabatic model is not as comparatively trivial 

iMl: 



as it is in the case of FRDWBA. 



The triple differential cross section of the reaction is given by 



a 



2lT 



dEhdQhdQr 



-—p{Ei„ ^Ib, ^c) \Pem\ 
nv. ^-^ 



(14) 



where p{Eb,^bi^c) is the appropriate [^,0 three-body phase space factor. 
On substituting the Coulomb distorted waves. 
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(15) 



into Eqs. (11) and (13), one gets for the triple differential cross section: 



2n 

- — p(-E'b, fife, Vtc 



(17) 



In Eqs. (15-17), 77's are the Coulomb parameters for the respective particles. In Eq. (17), / 
is the Bremsstrahlung integral which can be evaluated in the closed form: 



^(0) (^) {-VaVb)2Fiil - iva, 1 - ^Vb■, 2; D{0)) 
L \ ax / x=o 



\ dx J x=o 



where 



B(x) 



An 



^2{iria+ir]h+l) 



- 2k.k„ - 2xA;„)^''»(A;2 - 2k.kb - 2xh 



VVb 



(18) 



(19) 



D(x) 



2k'^{kakb + K-^b) - 4(k.ka + xka)(k.kb + xh 
{k^ - 2k.k„ - 2xka){k^ - 2k.kb - 2xkb) 



(20) 



with 



k = k„ - kfe - 5K. (21) 
The factor contains the projectile structure information and is given by 

Zi = j drirlji{kiri)Vbc{ri)ui{ri), (22) 

with ki = |7kc — q;K|, and fci = |kc — ak^l for the cases of FRDWBA and adiabatic model, 
respectively. 

The total pure Coulomb one-nucleon removal cross section for a given n£j configuration 
of the valence nucleon is obtained by integrating Eq. (13) over angles and energy of fragment 
b and over angles of the valence nucleon. Here, n is the principal quantum number and i 
and j are as defined in Eq. (5). 

For calculating the total cross section into a given core-fragment final-state, the projectile 
ground state is described as having a configuration in which a valence nucleon, with single 
particle quantum numbers nij and an associated spectroscopic factor C'^S, is coupled to 
a specific core state designated with jb in Eq. (5). The total cross section ac is the sum 
PJ2^ of the cross sections calculated with configurations (having non- vanishing spectroscopic 
factors) corresponding to all the allowed values of the channel spin j 
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III. RESULTS AND DISCUSSIONS 



A. Excitation of the bound states of '^Be in the Coulomb breakup of Be. 

The one-neutron removal reaction of the type ^Be(^^Be/'^Be7)X has been recently stud- 
ied 0] at the beam energy of 60 MeV/nucleon. Partial cross sections have been measured for 
four states of the core fragment ^°Be: 0^, 2+, 1~, and 2~. The data were analyzed in terms 
of an eikonal model of the nuclear breakup reactions [|T^,^, with the spectroscopic factors 



taken from [Q. It has been concluded in this study that about 22% of the total partial 
cross section went into the excited states, and that the ground state of ^^Be consists of an 
admixture of the Is and Od single particle neutron configurations with the spectroscopic 
factors of 0.74 and 0.18, respectively. 

We have calculated the pure Coulomb partial cross sections ac to the four ^°Be final states 
in the ^°^Pb(^^Be,^°Be7)X reaction at the beam energy of 60 MeV/nucleon. The ground 
(0+) and excited (3.368 MeV) (2+) states were assumed to correspond to the configurations 
[lsi/2Z^ 0+("'^°Be)] and [0(i5/2i^ 2+(^°Be)], respectively, where u represents a relative 
neutron state. The corresponding C^S values for these two configurations were taken 
to be 0.74 and 0.20, respectively, i.e. the same as those used in 0. The excited 1~ (5.956 
MeV) and 2~ (6.256 MeV) states were assumed to stem from the configurations ® 
l^(^°Be)] and [Ops/2i' ® 2^(^°Be)], respectively, with the corresponding C^S values of 0.69 
and 0.58. These states could, in principle, also result from the stripping of a lp3/2 neutron 
from the ^°Be(0"'") core of the ^^Be ground state, producing a [lsi/2 (8> ^Be(|)~]l~ and [lsi/2 
^Be(|)~]2~ types of ^°Be* core. In the nuclear breakup case, the cross sections to 1~ 
and 2~ states calculated with the latter configurations were found |^ to be about 10-15% 
smaller than those obtained with the preceding ones. We have carried out our calculations 
with the former configuration for these states. The one-neutron separation energy for the 
ground state of ^^Be, with the configuration in which ^°Be remains in its ground state, is 
taken to be Sn = 0.504 MeV. For an excited state, the respective separation energy (SE) 
is assumed to be the sum of Sn and the excitation energy of that state with respect to the 
ground state. 

In each case, the neutron single particle wave function is calculated in a central Woods- 
Saxon well of radius 1.15 fm and diffuseness 0.50 fm. The depth of this well is adjusted 
to reproduce the corresponding value of SE. By this procedure the root mean square (rms) 
radius of the ground state of ^^Be comes out to be 2.91 fm for the assumed rms radius of 
the i°Be core of 2.28 fm. 

Our results for the partial cross sections are shown in Table I. It is evident from this 
table that in the case of pure Coulomb breakup of a projectile with a halo ground state, 
most of the cross section goes to the ground state (0"*") of the core. The sum of the partial 

TABLE I. Calculated partial cross sections to the final states of ^''Be in the Coulomb breakup 
of ^^Be on the 208p^ target at the beam energy of 60 MeV/nucleon. I'^ represents the spin and 
parity of the populated states of the ^''Be core. 
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3.31 
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cross sections corresponding to all the excited states is less than 1% of that to the ground 
state. This is in sharp contrast to the observations made on lighter targets where partial 
cross sections corresponding to all the excited states represent about 22% of the total. While 
there are no experimental data on the core-excitation reaction induced by ^^Be on a heavy 
target in the vicinity of ^°^Pb, the measurements of the (a,b7) type of reactions with ^^B 
projectile on ^^''Au gold target at the beam energy of 60 MeV/nucleon may be used to test 
our results. In this experiment, no core-excited transitions were seen. Therefore, this lends 
support to our finding that in A(a,b7)X type of reactions, involving projectiles which have a 
predominant s-wave neutron halo ground state, transitions to the excited states of the core 
corresponding to the non-zero ^-values of the neutron-core relative motion, are quite weak 
in the pure Coulomb breakup reaction as compared to those in the nuclear breakup process. 

The suppression of the cross sections to the higher states can be traced back to the 
strong dependence of the Coulomb breakup cross sections on SE. The latter enters in the 
corresponding expressions through the momentum k (see Eq. (21)). As was shown in ||38|| , 
the modulus square of the bremsstrahlung integral / rises very steeply as the k approaches 
zero, which happens as SE goes to zero (|/p is infinite for k = 0). At larger values of 
SE (i.e. larger k) the rate of the drop of |/p becomes less drastic. This is reminiscent of 
the behavior of the virtual photon numbers in the theory of Coulomb excitation (see e.g. 
pop. The value of k is very small for SE equal to Sn and larger for SE corresponding to 
excited states. This explains the reduction in the partial cross-sections to the excited 2"*" 
state of ^°Be core as compared to that to its ground state. This also explains why the cross 
sections to the excited states do not differ much from each other. It may be useful to recall 
that, due to the centrifugal barrier, the breakup cross sections for non-s-wave projectiles are 
lower than those for the s-wave ones. In case of the nuclear breakup, the dependence of the 
cross section on SE is comparatively weaker []TB|,pU|,ffT| . This could be understood from the 



fact that nuclear breakup cross sections are sensitive to the b — c relative wave functions at 
shorter distances which do not change much with changes in the value of SE. 

It should be interesting to compare the calculated pure Coulomb partial cross section 
for the ^^''Au(^^B,^^B(g.s))X reaction, with its experimental value given in Ref. We 
performed our calculations with the configurations [lsi/2i^ ® | (^^B)] and [0d5/2i^ | (^'^B)] 
for the ^^B ground state. The resulting cross sections were summed up, after multiplying 
them with the corresponding spectroscopic factors of 0.663 and 0.306 (taken from [0), 
respectively, to obtain a value of 401 mb for the pure Coulomb partial cross section for this 
reaction. The corresponding experimental value is 638 ± 45 mb. The difference between the 
calculated pure Coulomb and experimental partial cross sections suggests that the nuclear, 
and Coulomb-nuclear interference terms could contribute up to 40-50% in this reaction. This 
is an interesting finding which underlines the need for extending the FRDWBA theory to 
include the nuclear breakup effects. It should be stated here, that the partial Coulomb cross 
sections obtained within the adiabatic model are only a few percent larger than those of the 
FRDWBA theory and show similar characteristics to those in Table I. 

The longitudinal momentum distributions (LMD) for each of the ^°Be core state are 
displayed in Fig. 2. The solid and dashed lines represent the results of the FRDWBA and 
adiabatic model, respectively. We note that, while for the ground state of the ^°Be core, 
the results of the two theories are almost identical, they differ quite a bit from each other 
for the excited states. It is for the first time that such big differences are seen between the 
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predictions of the two theories for the momentum distributions. 




Pz Pz 



FIG. 2. Partial longitudinal momentum distributions for the indieated states of Be fragment 
in the pure Coulomb one neutron removal reaction of ^^Be on a ^'^^Pb target at the beam energy 
of 60 MeV/nucleon. The solid and dashed lines represent the results obtained within FRDWBA 
and adiabatic models respectively. The core - valence neutron configuration considered for each 
state is indicated in the respective boxes. 

Although due to unavailability of the experimental data for these cases, it would be prema- 
ture to comment upon suitability of either theory for these excited states, a few speculative 
remarks can still be made. It is not unreasonable to think that the adiabatic assumption 
(as discussed in the previous section) may come under severe pressure for the excited states. 

TABLE II. Calculated partial cross sections to the final states of ^^C in the Coulomb breakup 
of ^^C on a ^°^Pb target at the beam energy of 60 MeV/nucleon. 



r 


Ex 


£ 


C^S 




C^S-ac 




(MeV) 






(mb ) 


(mb) 


0+ 


0.0 





0.58 


993.2 


576.1 


2+ 


1.6 


2 


0.48 


8.80 


4.22 


0+ 


4.0 





0.32 


13.38 


4.28 


2+,3+ 


4.9 


2 


2.44 


1.08 


2.87 






sum 




23.26 
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Due to their non-s-wave nature, the wave functions for the excited-state neutron-core motion 
peak at larger values in the r-space yielding possibly a significance to the regime where the 
asymptotic form of the adiabatic wave function [Eq. (12)] becomes inadequate. It would, 



therefore, be interesting to investigate the importance of the non-adiabatic corrections ||33 
to the theory, for these cases. 

The full width at half maximum (FWHM) of the calculated LMD for the ground state 
of ^°Be is 44 MeV/c which is consistent with the experimental value of (47.5 ± 6) MeV/c 
seen in the measurements on a ^Be target 0. This reconfirms that LMDs are independent 
of the reaction mechanism and provide a very clean way of determining the existence of 
halo structure in nuclei. The LMDs for the excited states of ^°Be are broad which is also 
consistent with the observations made in |^. This indicates that the respective states have 
a non-halo structure. 



B. Excitation of the bound states of C in the Coulomb breakup of C. 

Table II displays results of our calculations of the pure Coulomb partial cross sections gq 
for transitions to ground and three excited bound states of ^^C core in the ^°^Pb(^^C,^^C7)X 
reaction at the beam energy of 60 MeV/nucleon. These states have recently been seen 
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FIG. 3. Partial longitudinal momentum distributions for the indicated states of C fragment 
in the pure Coulomb one neutron removal reaction of ^^C on a ^osp]^ target, at the beam energy of 
60 MeV/nucleon. The solid and dashed lines represent the results obtained within the FRDWBA 
and adiabatic models, respectively. The core - valence neutron configuration considered for each 
state is indicated in the respective boxes. 
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in the ^Be(^^C/^C7)X reaction at the same beam energy. The states of the ^^C core (with 
excitation energies of 0.0 MeV, 1.6 MeV, 4.0 MeV and 4.9 MeV) are assumed to have the 
configurations, [Isi/az/ ® 0+(isC)], [Odg/sz^ ® 2+(isC)], [Isi/az^ ® 0+(^^C)], and [Orfg/si^ ® 
F(^^C)], respectively. The corresponding C'^S values were taken |^ to be 0.58, 0.48, 0.32 
and 2.44, respectively, which are the same as those used in [|11|]. The value of Sn for the 
ground state was taken to be 0.530 MeV. We see that in this case too the ground state of 
^^C is predominantly excited. The partial cross sections to the excited states are somewhat 
larger than those seen in the case of ^°Be, since the excited 0"*" state of ^^C core can have an 
s-wave neutron relative motion. Yet, these contributions represent no more than about 2% 
of the cross section to the ground state. 

The LMD for each of the ^^C core states is shown in Fig. 3. The solid and dashed lines 
show the results of the FRDWBA and adiabatic models, respectively. In this case too we 
note that the predictions of the two models differ for the excited states of the core, while 
for the ground state they agree very well with each other. 
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FIG. 4. Partial longitudinal momentum distribution for the ground state of ^^C in the pure 
Coulomb one neutron removal reaction of ^^C on a ■^''^Pb target at the beam energy of 60 
MeV/nucleon for the core - valence neutron separation energies of 0.5 MeV, 0.8 MeV and 1.1 
MeV, as indicated. The solid and dashed curves represent the results of the FRDWBA and adia- 
batic models, respectively, in each case. 



The value of Sn for C is still an unsettled issue. The weighted average of the atomic mass 



measurements carried out at Los Alamos and GANIL p2| , ^ suggests a value of 0.16 ± 0.11 
MeV. However, from the analysis of the data on the Coulomb dissociation of ^^C, a 
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higher value of 0.530 MeV has been extracted. The interpretation of the recent data |TT[| on 
the ^Be(^^C/^C7)X reaction also suggests a higher value of 0.8±0.3 MeV. Obviously, any 
conclusion drawn from the breakup data strongly depends on the reaction mechanism and 
on the theory used for the calculation of the breakup cross sections. With this precaution, 
we would like to show here that the pure Coulomb breakup has some advantages over the 
nuclear breakup process in this regard. 

It should be mentioned here that one of the reasons for the uncertainty in the value of Sn 
in Ref. [|lT| is the fact that, due to the low beam intensity in this experiment, the statistical 
errors associated with the measured LMD for the ground state of ^'^C are large. The data do 
not allow to distinguish between the nuclear breakup calculations of the LMD done within 
the range Sn = 800 ± 300 keV. The difference in the peak value of the nuclear LMD fill 
calculated with Sn = 1100 keV and 500 keV is only about 1.6. In contrast, the peak values 
of the corresponding pure Coulomb LMD calculated with the same values of Sn differ by 
a factor of about 4, as can be seen in Fig. 4. This result is unlikely to be altered by the 
presence of the nuclear breakup effects, as they tend to show up in the tail regions of the 
LMDs. Thus A(^^C,^'^C(g.s))X type of reactions on a heavy target may offer a better chance 
to put more definite constraint on the value of Sn for ^^C. 
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FIG. 5. Full width at half maximum (FWHM) of the longitudinal momentum distribution of 
^^C(g.s) (shown by solid circles) as a function of the core - valence neutron separation energy in 
the same reaction as in Fig. 4. The FRDWBA and adiabatic model results are indistinguishable 
from each other. 

Further insight into the value of Sn from these reactions can be obtained from the full width 
at half maximum (FWHM) of the LMD. In Fig. 5, we show the Sn dependence of the FWHM 
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of the LMD for the ^^C(g.s) in the same reaction as in Fig. 4. It can be seen that FWHM 
increases from 42 MeV/c to about 65 MeV/c as Sn increases from 500 keV to 1100 keV. 
The variation of the corresponding FWHM in the nuclear breakup case is relatively weaker. 



IV. SUMMARY AND CONCLUSIONS 

In this paper we calculated the pure Coulomb breakup contributions to the partial cross 
sections and to the longitudinal momentum distributions for the ground and excited states 
of the core fragments observed in ^°^Pb(^^Be/°Be7)X and ^°^Pb(^^C/^C7)X types of one- 
neutron removal reactions, at the beam energy of 60 MeV/A. These reactions have recently 
been studied at the Michigan State University but on the light ^Be target; hence, these 
data are dominated by the nuclear breakup effects. One of our aims was to see in what 
way the Coulomb dominated reaction mechanism was different and could supplement the 
conclusions derived from the pure nuclear breakup studies of the nuclei. The advantage of 
the pure Coulomb break up process is that the corresponding theory has no free adjustable 
parameter, and assuming that the mutual excitation of the target by the Coulomb force is 
negligible, the inelastic breakup mode does not contribute to this process. 

As in the previous studies |TD|,P|JTT|, we assumed that the coupling between the core 
states is weak and that there is no dynamical excitation of these states. Thus, the reaction 
can only populate those core states which have a non-zero spectroscopic factor for a given 
neutron-core configuration in the projectile ground state. We employed both the finite range 
DWBA and adiabatic model of the Coulomb breakup theory in our calculations. In earlier 
studies of the inclusive Coulomb dissociation cross sections, the two theories produced 
nearly identical results for the momentum distributions of heavy fragments. 

We found that in reactions of the type A(a,b7)X on a heavy target, the core ground 
state is predominantly excited; higher energy states account for only a few percent of the 
total cross section. This finding is in contrast to the results obtained on similar reactions 
on a light target, where about a quarter of the total breakup cross section could be due to 



transitions to core excited states. Our finding is supported by a recent measurement |^ of 
the i9^Au(^'^5,i3b^)x reaction at the beam energy of 60 MeV. The reason for this difference 
is attributed to the fact that pure Coulomb breakup cross sections drop very strongly as the 
separation energy increases. On the other hand, the nuclear breakup cross sections decrease 
slowly with increasing SE. Therefore, such reactions on a heavy target are potentially a more 
useful tool for investigating the properties of the ground state of the core fragments. 

A rather interesting result of our study is that the finite-range DWBA and the adiabatic 
theories of Coulomb breakup lead to very different longitudinal momentum distributions 
for the excited states of the core fragments. It is probably for the first time that such a 
large difference is seen in the predictions of two theories for the momentum distributions. 
This should provide some impetus to look for the non-adiabatic corrections to the adiabatic 
approximation which may come under some pressure for the excited states. 

Coulomb dominated breakup reactions may provide a better way for resolving the uncer- 
tainty associated with the one neutron separation energy of ^^C. The peak value and the full 
width at half maximum of the longitudinal momentum distributions for the ground state of 
^^C core are more sensitive to the one-neutron separation energy in the Coulomb breakup 
process than in the nuclear breakup. In the latter case, the dependence could be so weak 
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that the data with hmited statistics may not allow to distinguish between the values of these 
quantities calculated with quite different one-neutron separation energies. 

One of the authors (RS) would like to acknowledge several useful discussions with Gregers 
Hansen. This work was supported by the National Science Foundation under Grant PHY- 
0070818. 
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